markers of dentinogenesis and of the DMP1-GFP and DSPPCerulean transgenes. Recovery experiments showed that the inhibitory effects of FGF2 on dentinogenesis were related to the blocking of the differentiation of cells into mature odontoblasts. These observations together showed the stage-specific effects of FGF2 on dentinogenesis by dental pulp cells, and they provide critical information for the development of improved treatments for vital pulp therapy and dentin regeneration. 
Introduction
Fibroblast growth factors (FGFs) are a family of signaling molecules shown to play essential roles in the development, repair and regeneration of damaged skeletal tissues [Hatch, 2010; Miraoui and Marie, 2010; Marie, 2012; Marie et al., 2012; Kim et al., 2014] . Currently, the FGF family contains 22 members, which elicit their effects through interaction with four highly conserved transmembrane tyrosine kinase receptors, i.e. FGF receptor (FGFR)1-4, in concert with heparin or heparan sulfate proteoglycans [Hatch, 2010; Miraoui and Marie, 2010] . Three major downstream signaling pathways which mediate the effects of FGF/FGFR signaling on cellular processes include MAPK, PI3K/Akt and PLCγ [Miraoui and Marie, 2010; Marie, 2012; Marie et al., 2012] .
FGF signaling plays an essential role in osteogenesis and dentinogenesis, and FGF2, in particular, is widely expressed in the cells of odontoblast and osteoblast lineages and has been identified as a potent regulator of mineralization in vivo and in vitro [Roberts-Clark and Smith, 2000; Madan and Kramer, 2005; Cooper et al., 2010; Miraoui and Marie, 2010; Marie, 2012; Marie et al., 2012; Smith et al., 2012] .
Earlier studies on osteogenic cells reported conflicting effects of FGF signaling on osteoblast differentiation and the production of mineralized matrix [Miraoui and Marie, 2010; Marie, 2012; Marie et al., 2012] . Later studies showed that the effects of FGF signaling depend on the stage of osteoblast maturation. In immature osteoblasts, FGF signaling induces proliferation, leading to increased osteogenesis in the long term, whereas in mature osteoblasts, FGF signaling inhibits differentiation and mineralization [Miraoui and Marie, 2010; Marie, 2012; Marie et al., 2012] .
FGF signaling has been shown to play an important role in primary and reparative dentinogenesis [Smith et al., 2012; Li et al., 2014] . FGF2 affects the proliferation, homing and migration of healthy and inflamed dental pulp cells [Nakao et al., 2004; Morito et al., 2009; Shimabukuro et al., 2009; Xiao et al., 2009; Osathanon et al., 2011; Suzuki et al., 2011; Kim et al., 2014] . FGF2 also increases the expression of markers of mesenchymal stem cells Oct4 , Nanog and Rex1 and the percentage of STRO1-positive cells in the dental pulp [Morito et al., 2009; Osathanon et al., 2011; Wu et al., 2012] .
Although there appears to be general agreement as to the effects of FGF signaling on cell proliferation, there are conflicting results about its effects on dentinogenesis and mineralization. Several studies showed that FGF2 inhibited dentinogenesis and the expression of dentin sialophosphoprotein (Dspp) [Tsuboi et al., 2003; Shimabukuro et al., 2009; Xiao et al., 2009; Kim et al., 2010 Kim et al., , 2014 . On the other hand, other studies showed that FGF2 stimulated the expression of Dspp in vitro and the formation of osteodentin in vivo [Kikuchi et al., 2007; Ishimatsu et al., 2009; Kim et al., 2010 Kim et al., , 2014 .
Thus, the precise effects of FGF signaling on the differentiation of cells in the odontoblast lineage are still not well understood, and most likely involve multiple intraand extracellular mediators and differential responses of various cell populations [Dailey et al., 2005] . This is partially due to the lack of availability of stage-specific markers for studying progression of cells in the odontoblast lineage.
To gain a better understanding of the progression of progenitor cells in the odontoblast lineage, we used a series of green fluorescent protein (GFP) reporter transgenic mice that display stage-specific activation of transgenes during odontoblast differentiation in vivo and in vitro [Braut et al., 2003; Balic et al., 2010b; Balic and Mina, 2011] . These studies showed that 2.3-GFP and 3.6-GFP transgenes were activated at early stages of odontoblast differentiation (i.e. polarizing odontoblasts and prior to the expression of Dmp1 and Dspp ) whereas dentin matrix protein 1/green fluorescent protein (DMP1-GFP) was first activated in functional/secretory odontoblasts (cells expressing Dmp1 and low levels of Dspp ) [Balic et al., 2010b; Balic and Mina, 2011] . All three transgenes (2.3-GFP, 3.6-GFP and DMP1-GFP) were also expressed at high levels in fully differentiated/mature odontoblasts, and their temporal and spatial patterns of expression mimicked those of endogenous transcripts and proteins [Balic et al., 2010b; Balic and Mina, 2011] .
In addition, we have recently generated new transgenic mice using the bacterial artificial chromosome, which directs the expression of the DSPP-Cerulean transgene to functional and fully differentiated odontoblasts [unpubl. data] . Our in vivo and in vitro studies showed that the expression of the DSPP-Cerulean transgene was limited to odontoblasts and correlated closely with the expression of endogenous Dspp , and it can be used to identify fully differentiated odontoblasts in the heterogeneous pulp cultures [unpubl. data] .
Here, we have used dental pulp cells from various transgenic mice which display the stage-specific activation of transgenes during odontoblast differentiation, in order to gain further insight into the effects of FGF2 on the mineralization and dentinogenesis of dental pulp cells.
Materials and Methods

Primary Dental Pulp Cultures
All experimental protocols involving animal tissues were approved by the Institutional Animal Care and Use Committee, University of Connecticut Health Center. The coronal portions of the pulps from the first and second molars were isolated from 5-to 7-day-old hemizygous pOBCol3.6GFP (referred to as 3.6-GFP), pOBCol2.3GFP (referred to as 2.3-GFP), DMP1-GFP, DSPP-Cerulean and nontransgenic pulps as described previously [Balic et al., 2010a] . All mice were maintained in the CD1 background. After isolation, 8.75 × 10 4 cells/cm 2 were grown first in Dulbecco's modified Eagle's medium, 20% fetal bovine serum (FBS), 2 m M L -glutamine, 40 U/ml penicillin, 40 μg/ml streptomycin and 0.1 μg/ml Fungizone (Invitrogen). Three days later, the medium was changed to Dulbecco's modified Eagle's medium containing 5% FBS. At day 7, mineralization was induced by addition of Minimum Essential Medium alpha (αMEM) medium, 5% FBS, with 50 μg/ml fresh ascorbic acid and 4 m M β-glycerophosphate. Medium was changed every other day.
Primary Bone Marrow Stromal Cell Cultures
Bone marrow stromal cells (BMSCs) were prepared from the femurs and tibiae of 5-to 7-day-old pulps as described before [Balic et al., 2010a] . Briefly, single-cell suspension was prepared from flushed marrows, plated at a density of 6.5 × 10 5 cells/cm 2 and grown in αMEM containing 10% FBS, 40 U/ml penicillin and 40 μg/ml streptomycin. Three days later, the medium was changed to αMEM and 5% FBS. At day 7, when the cells became confluent, the medium was switched to the mineralization-inducing medium containing αMEM, 5% FBS, with 50 μg/ml fresh ascorbic acid and 4 m M β-glycerophosphate. Medium was changed every other day.
FGF2 Treatment of Primary Cultures
Cultures were exposed to low molecular weight (18 kDa) bovine FGF2 (R&D Systems, Inc., Minneapolis, Minn., USA) or vehicle (VH, 0.1% BSA fraction V in PBS) every other day during the proliferation and differentiation/mineralization phases of in vitro growth (between days 3 and 21).
Detection and Quantification of Mineralization in Cultures
Mineralization in live cultures was examined by Xylenol Orange (XO) staining as described previously [Balic et al., 2010b] . The mean fluorescence intensity of XO staining was measured using a multidetection monochromator microplate reader (Safire 2 , Tecan, Research Triangle Park, N.C., USA) as described previously [Kuhn et al., 2010] with minor modifications. Fluorometric measurements were performed at 570/610 nm wavelength (excitation/emission) and a gain of 80. The entire area of each well was read at a scan density of 6 × 6 regions (high-sensitivity flash mode). Background fluorescence for XO was measured using cultures from the preodontoblastic Q705 cell line [Priam et al., 2005] that lacks a mineralization potential. The background fluorescence values were subtracted from respective XO measurements.
Mineralization in fixed cultures was examined using a modified von Kossa silver nitrate staining protocol as described previously [Balic et al., 2010a] . After staining, cultures were rinsed and images were acquired using a scanner. The area of mineralization (black precipitate) in each well was quantified using NIH ImageJ software and is represented as the percentage of total area analyzed as described before [Balic et al., 2010a] .
Immunocytochemistry
Pulp cells derived from the DSPP-Cerulean transgenic mice were treated with VH or FGF2 and processed for immunocytochemistry as described previously [Mulrooney et al., 2001 ] with some modifications. Cells were fixed with 3.7% formaldehyde in PBS for 4 min at room temperature (RT), incubated with 0.5% Triton X in PBS for 10 min at RT, blocked with 3% milk for 1 h at RT and then incubated with 1: 1,000 dilution of anti-GFP Alexa Fluor 488-conjugated antibody (Molecular Probes, Invitrogen) in 0.3% Triton X in PBS overnight at 4 ° C. In these cultures, the anti-GFP antibody binds specifically to the Cerulean fluorescent protein to enhance its visualization. The nuclei were stained with 1.0 μg/ml Hoechst 33342 dye (Invitrogen) for 15 min at RT. After staining, coverslips were mounted using Dako fluorescent mounting medium (Dako North America, Inc., Carpinteria, Calif., USA) and cultures were visualized under the microscope using filters for DAPI and GFPtpz for the detection of Hoechst 33342 and GFP, respectively.
The percentage of DSPP-Cerulean-positive odontoblasts in the cultures was calculated as the ratio of cells stained with anti-GFP antibody (DSPP-Cerulean-positive cells) to the total number of Hoechst-positive cells. In each experiment, approximately 20,000-30,000 Hoechst-positive cells were counted from 20-40 different areas of VH-and FGF2-treated cultures. Negative controls included primary BMSC cultures derived from the DSPP-Cerulean littermates stained with anti-GFP antibody and primary dental pulp cultures derived from the DSPP-Cerulean littermates without anti-GFP antibody.
Digital Imaging and Epifluorescence Analysis of Cell Cultures
GFP expression in the cell cultures at various time points was examined using a Zeiss AxioObserver Z.1 microscope equipped with an AxioCam MRc digital camera and appropriate filters. Exposure times were adjusted for optimum imaging and kept consistent for each time point of the culture. Panoramic images of larger areas of the cultures were obtained using a computer-controlled motorized imaging workstation and a Zeiss AxioObserver Z.1 microscope.
Fluorescence Intensity of GFP
The mean fluorescence intensity of GFP transgenes in each well was measured as described for XO staining. Fluorometric measurement was performed at 483/525 nm wavelength (excitation/ emission) for the 2.3-GFP transgene and at 500/540 nm wavelength for the 3.6-GFP and DMP1-GFP transgenes (a gain of 80 for all three transgenes). Background fluorescence for GFP was measured using dental pulp cultures from nontransgenic littermates, and these values were subtracted from the respective GFP measurements. Fluorometric measurements were also obtained in DSPP-Cerulean cultures stained with anti-GFP antibody (500/540 nm wavelength and a gain of 80) and Hoechst 33342 dye (343/483 nm wavelength and a gain of 70). Background fluorescence for GFP was measured using BMSC cultures from the DSPP-Cerulean littermates stained with anti-GFP antibody, and these values were subtracted from the respective GFP measurements.
RNA Extraction and Quantitative PCR Analysis
Total RNA was isolated using TRIzol reagent (Invitrogen) followed by cDNA synthesis and TaqMan quantitative (q)PCR analysis. TaqMan primers for Bsp , Dmp1 , Dspp , Gapdh , osteocalcin and type I collagen were purchased from Applied Biosystems (online suppl. table 1; see www.karger.com/doi/10.1159/000371343 for all online suppl. material). All qPCR reactions were run using 7900HT fast real-time PCR system (Applied Biosystems) under the following conditions: 50 ° C for 2 min, 95 ° C for 10 min, 40 cycles with denaturation at 95 ° C for 15 s and extension at 60 ° C for 1 min. Amplification efficiency was determined using internal standard curves derived from a purified amplicon diluted 2-fold (0.14-9.0 ng), and was close to 100% for all qPCR reactions. We defined the acceptable range of CT values representing gene expression to be between 10 and 35 cycles, according to the manufacturer's recommendations (Applied Biosystems).
WST-1 Cell Proliferation Assay
Cell proliferation was examined by WST-1 rapid cell proliferation assay according to the manufacturer's instructions (EMD Millipore Corporation, Billerica, Mass., USA). The assay is based on the cleavage of the tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases. An increase in the number of viable cells results in an increase in the amount of formazan dye formed. Pulp cells were cultured in a 96-well microtiter plate (17 × 10 3 cells/cm 2 ), treated with VH or FGF2 (20 ng/ml) starting at day 3 (0 h) and processed for WST-1 assay at 24, 48, 72 and 96 h after treatment. Cells were incubated with WST-1 reagent for 2 h at 37 ° C and the amount of the formazan dye produced was quantified by the optical density at 450 nm, using a Synergy TM HT multidetection microplate reader, and analyzed using Gen5 TM 1.09 data analysis software (BioTek Instruments, Winooski, Vt., USA). Background absorbance levels were measured using wells without cells (culture medium only), and these values were subtracted from the respective VH and FGF2 values.
Flow-Cytometric Analysis and Sorting
Cells from 3.6-GFP, 2.3-GFP and DMP1-GFP pulps were processed for flow-cytometric sorting (FACS) analysis at day 7 by mild 0.05% trypsin/EDTA (Invitrogen) digestion followed by centrifugation at 4 ° C. Cells were then resuspended in 300-400 μl of the staining medium (1× HBSS, 2% FBS and 10 m M HEPES in distilled H 2 O, pH 7.2) containing 1.0 μg/ml propidium iodide, and strained through a 70-μm strainer to obtain single-cell suspension. Approximately 50,000-100,000 cells/sample were collected by a BD TM LSR-II FACS cytometer (BD Biosciences, San Jose, Calif., USA) using a blue laser (excitation 488 nm at 20 mW; collected emission at 515-545 nm). Percentages of GFP-positive and GFP-negative cells were determined using BD FACSDiva TM 6.2 software. Pulp cells from nontransgenic littermates served as a negative control for GFP expression in all experiments.
For FACS sorting, pulp cells from 2.3-GFP pulps were grown under control culture conditions for 7 days. At day 7, cells were detached with 0.05% trypsin/EDTA (Invitrogen) followed by centrifugation at 4 ° C. Cells were then resuspended in 300-400 μl of the staining medium containing 1.0 μg/ml propidium iodide, and strained through a 70-μm strainer. FACS based on GFP expression was performed on 2.5 × 10 6 cells/ml by UCHC FACS facility using a BD FACSAria TM II cell sorter (130 μm nozzle at 12 PSI; BD Biosciences). GFP was excited at 488 nm with an argon laser and a 550/30 emission filter was utilized. Upon separation, reanalysis confirmed that the purity of isolated 2.3-GFP-positive and 2.3-GFP-negative populations was higher than 98%. Live GFPpositive and GFP-negative cells were collected into DMEM with 20% FBS, recounted and replated at the same density as the primary cultures (8.75 × 10 4 cells/cm 2 ). Cultures were treated with VH or FGF2 (20 ng/ml) between days 3 and 14 and processed for various analyses as described for unsorted cultures.
Statistical Analysis
Statistical analysis of the data was performed by GraphPad Prism 6 software using one-way ANOVA analysis with the Bonferroni multiple comparison post hoc test or the unpaired two-tailed Student t test. Values in all experiments represented mean ± SEM of at least 3 independent experiments, and p ≤ 0.05 was considered statistically significant.
Results
Effects of FGF2 on Mineralization and Dentinogenesis in Primary Dental Pulp Cultures
Previous studies in our laboratory showed that when placed in primary culture, progenitor/stem cells in the pulp from unerupted molars proliferated rapidly and reached confluence around day 7 (the proliferation phase of in vitro growth). Following the addition of the mineralization-inducing medium at day 7, these cells underwent differentiation and gave rise to an extensive amount of mineralized matrix (the differentiation/mineralization phase of in vitro growth). The first sign of mineralization appeared around day 10 with significant increases in the extent of mineralization thereafter. At day 21, almost the entire culture dish was covered with a sheet of mineralized tissue [Balic et al., 2010a] .
Using this well-characterized dental pulp culture system, we examined the effects of FGF2 on mineralization and dentinogenesis. In these experiments, primary pulp cultures were exposed to VH (control) or FGF2 between days 3 and 21 (during both proliferation and differentiation/mineralization phases of in vitro growth).
XO and von Kossa staining showed marked and concentration-dependent decreases in the extent of mineralization in FGF2-treated cultures compared to controls ( fig. 1 a, b) . qPCR analysis also showed concentration-dependent changes in FGF2-treated cultures compared to controls ( fig. 1 c) . FGF2-treated cultures showed increases in the levels of expression of all markers at day 7 followed by decreases between days 10 and 21 compared to controls. The most marked increases at day 7 in FGF2-treated cultures were in the expression of Dmp1 (up to approx. 310-fold) followed by increases in the expression of Dspp , Bsp and osteocalcin (approx. 2-fold). These observations revealed both the stimulatory and inhibitory effects of FGF2 on the expression of markers of mineralization and dentinogenesis.
Effects of FGF2 on Cell Proliferation in Primary Dental Pulp Cultures
To examine if the increases in the expression of various markers of dentinogenesis in FGF2-treated cultures at day 7 were related to increases in cell numbers, the effects of FGF2 on cell proliferation in the whole culture were examined by the WST-1 assay 24-96 h after exposure to FGF2 (on days 4-7 of the culture). Cell proliferation in the control and FGF2-treated cultures peaked at around 48-72 h and declined at 96 h. FGF2-treated cultures showed an increase in proliferation of up to approximately 1.6-fold at 24-96 h compared to controls ( table 1 ) . These observations showed that FGF2 increased cell proliferation.
Effects of FGF2 on Expression of Various GFP Reporter Transgenes in Primary Dental Pulp Cultures
Next, we examined the effects of FGF2 on pulp cultures from various GFP reporter transgenic mice. We used the expression of 2.3-GFP and 3.6-GFP transgenes as markers for cells at the early stages of odontoblast differentiation (polarizing odontoblasts that lack expression of Dmp1 and Dspp ) [Balic et al., 2010b] . DMP1-GFP and DSPP-Cerulean transgenes were used as markers for cells at the later stages of odontoblast differentiation (functional and fully differentiated odontoblasts) [Balic and Mina, 2011; unpubl. data] .
Epifluorescence analyses of live cultures at day 7 showed slight increases in the intensity of 2.3-GFP and 3.6-GFP transgenes and marked increases (approx. 38-fold) in the intensity of the DMP1-GFP transgene ( fig. 2 and data not shown) in FGF2-treated cultures compared to the respective controls. These increases in FGF2-treated cultures were followed by marked decreases in the intensity of the expression of all transgenes compared to the respective controls between days 10 and 14 ( fig. 2 and data not shown). The percentage of DSPP-Cerulean-positive odontoblasts in FGF2-treated cultures at day 14 was less than half of that in the control cultures (control: 6.50 ± 0.18%; FGF2-treated: 3.00 ± 0.15%; approx. 2.3-fold; fig. 2 a) .
To determine if increases in the intensity of these transgenes in FGF2-treated cultures at day 7 were related to increases in the number of the GFP-positive cells, FACS analysis was performed at day 7 ( table 2 ). FGF2-treated cultures displayed slight but not significant increases in the percentages of the 2.3-GFP-positive and 3.6-GFP-positive populations compared to the respective controls ( table 2 ). Pulp cultures from DMP1-GFP transgenic animals showed marked increases in the percentage of DMP1-GFP-positive cells compared to controls ( table 2 ). Immunocytochemical analysis of pulp cultures from DSPP-Cerulean mice at day 7 also showed marked increases in the percentage of DSPP-Cerulean-positive odontoblasts in FGF2-treated cultures compared to controls ( table 2 ). 
values). Expression of all mRNAs except
Dspp is normalized to VH at day 7, which is arbitrarily set to 1 (dashed line). The expression of Dspp is normalized to VH at day 10, which is arbitrarily set to 1 (dashed line). Results represent the mean ± SEM of at least 3 independent experiments. Note the increases in the expression of markers of mineralization and dentinogenesis at day 7 followed by decreases in their expression at days 10-21 in FGF2-treated cultures compared to controls. * p ≤ 0.05, relative to VH at each time point. n.d. = Not detected. 
Effects of FGF2 on FACS-Sorted 2.3-GFP-Positive and 2.3-GFP-Negative Populations
The presence of a mixture of GFP-positive and GFPnegative populations made it difficult to study the effects of FGF2 on activation of these transgenes during proliferation and mineralization/dentinogenesis. Therefore, as the next step, we studied the effects of FGF2 on FACSsorted populations. Our previous observations showed that FACS-sorted 2.3-GFP-positive and 2.3-GFP-negative populations represented proliferative cells enriched in polarizing odontoblasts and undifferentiated progenitors, respectively [Balic et al., 2010b] . Based on these observations, we examined the effects of FGF2 on relatively homogeneous populations of FACS-sorted 2.3-GFP-positive and 2.3-GFP-negative cells ( ≥ 98% purity of isolated populations; online suppl. fig. 1 ).
In cultures established from the 2.3-GFP-positive population, GFP expression was detected initially and was maintained throughout the entire culture period; the first sign of mineralization was around day 10 with significant increases thereafter ( fig. 3 a) . In these cultures, low levels of Dmp1 and Dspp were detected around days 7 and 10, respectively. The expression of markers of mineralization and dentinogenesis increased with more advanced stages of differentiation in vitro ( fig. 3 b) .
In cultures established from the 2.3-GFP-negative population, GFP was not detected initially, but appeared at day 7 in a few isolated cuboidal cells and increased thereafter ( fig. 3 a) . In these cultures, low levels of Dmp1 were detected at day 7, and mineralization and expression of Dspp were detected only at day 14 ( fig. 3 ) . The delayed expression of GFP and the delayed appearance of XO-stained mineralized nodules together with the lack of expression of Dspp at days 7 and 10 in cultures from the 2.3-GFP-negative population confirmed that, in comparison to the 2.3-GFP-positive population, this population was enriched in cells at earlier stages of differentiation.
FGF2-treated cultures showed marked decreases in the intensity of GFP expression and the extent of mineralization compared to the respective controls. However, in the 2.3-GFP-positive cultures, FGF2 increased the expression of Dmp1 and Dspp at day 7, followed by decreases at days 10 and 14 compared to controls. In the 2.3-GFPnegative population, FGF2 increased the levels of Dmp1 at days 7 and 10 followed by decreases at day 14 compared to controls; in the 2.3-GFP-negative population, expression of Dspp was detected only at day 14 and at lower levels in FGF2-treated cultures compared to controls ( fig. 3 b) . For detection of DSPP-Cerulean, cells were processed for immunocytochemistry using anti-GFP antibody at day 14 and epifluorescent image represents Hoechst/GFP overlay. Results are expressed as absolute values and represent the mean ± SEM of at least 3 independent experiments. Note the marked increase in the intensity of DMP1-GFP at day 7 and the decreases in the intensity of 2.3-GFP and DMP1-GFP at days 10-14 in the FGF2-treated cultures compared to the controls. * p ≤ 0.05, relative to VH at each time point. 
FGF2 Inhibited the Progression of Cells into the Final Stage of Differentiation
Despite decreases at days 10 and 14 compared to the respective controls, the intensity of 2.3-GFP and DMP1-GFP in FGF2-treated cultures remained relatively unchanged ( fig. 2 ). These observations suggested that FGF2 did not dedifferentiate cells and maintained healthy numbers of 2.3-GFP-positive and DMP1-GFP-positive cells, in which further differentiation into mature odontoblasts was inhibited. To test this possibility, we examined the effects of withdrawal of FGF2 on the differentiation of pulp cells. In these experiments, dental pulp cells were exposed to FGF2 between days 3 and 14, and were then grown in control medium (without FGF2) for an additional 7 days. The effects of withdrawal of FGF2 on the extent of mineralization and dentinogenesis in these cultures were compared to the control cultures (not exposed to FGF2) and cultures that were continuously exposed to FGF2 between days 3 and 21.
Withdrawal of FGF2 for 7 days allowed almost complete recovery of mineralization and the expression of markers of mineralization and dentinogenesis ( fig. 4 ) . The intensity of XO staining at day 21 in these cultures was similar to that in the control cultures ( fig. 4 b) . The levels of expression of type I collagen , Bsp and osteocalcin in these cultures at day 21 were higher than those in the cultures continuously exposed to FGF2, but did not reach control levels. On the other hand, the levels of Dmp1 in these cultures were similar to those in the controls, and the levels of Dspp were higher (approx. 3.2-fold) than those in the controls.
Epifluorescence analyses of cultures from various transgenic animals showed that 7 days after the withdrawal of FGF2, the intensity of the expression of 2.3-GFP and 3.6-GFP transgenes reached that in the respective control cultures ( fig. 5 and data not shown) . Interestingly, the intensity of DMP1-GFP and DSPP-Cerulean transgenes and the percentage of DSPP-Cerulean-positive odontoblasts (control: 6.88 ± 0.28%. FGF2-treated: 8.39 ± 0.21%; 1.22-fold) were higher than those in the respective controls ( fig. 5 ) .
Effects of FGF2 on Primary BMSC Cultures
Our previous studies showed that primary dental pulp cultures from unerupted molars contained progenitors capable of giving rise to both osteoblasts and odontoblasts [Balic et al., 2010a] . This makes it difficult to distinguish the effects of FGF2 on cells of osteogenic versus dentinogenic lineages.
To distinguish between the effects of FGF2 on the cells of these lineages, we examined the effects of FGF2 on BMSC cultures, as they do not contain odontoprogenitors and are used routinely to examine mineralization and osteoblast differentiation in vitro. Previous studies have also shown that in the osteoblast lineage, 3.6-GFP is activated in preosteoblasts, 2.3-GFP in mature osteoblasts and DMP1-GFP in late osteoblasts and osteocytes [Kalajzic et al., 2002 [Kalajzic et al., , 2004 .
Exposure of BMSCs to FGF2 between days 3 and 14 completely inhibited mineralization ( fig. 6 a) and led to marked decreases in the expression of markers in the early and late stages of osteoblast differentiation at day 7, except for Dmp1 which was transiently increased (approx. 35-fold) compared to controls ( fig. 6 c) . At days 10 and 14, expression of all these markers was markedly reduced in FGF2-treated cultures compared to controls.
Analysis of BMSC cultures from various transgenic animals showed that FGF2 completely inhibited the expression of 2.3-GFP and 3.6-GFP transgenes at all time points compared to the respective controls. FGF2-treated Fig. 3 . Effects of FGF2 on the mineralization and expression of the 2.3-GFP transgene in FACS-sorted 2.3-GFP-positive and 2.3-GFPnegative populations. Primary pulp cultures from the 2.3-GFP transgenic mice were grown under control culture conditions and processed for FACS to separate relatively homogeneous 2.3-GFPpositive and 2.3-GFP-negative populations. The FACS-sorted populations were plated (day 0) and exposed to VH or 20 ng/ml FGF2 between days 3 and 14. a Each panel represents images of the same areas in cultures at different time points analyzed under bright-field (BF) and epifluorescent light using appropriate filters for the detection of GFP and XO. The magnifications of all micrographs are identical. Scale bar = 200 μm. Note the decreases in mineralization in both populations in response to FGF2. b Histograms showing the changes in the expression of Dmp1 and Dspp in both populations. Expression levels of Dmp1 in both populations are normalized to the VH-treated 2.3-GFP-positive population at day 7, which is arbitrarily set to 1 (dashed line). Expression levels of Dspp in both populations are normalized to the VH-treated 2.3-GFP-positive population at day 10, which is arbitrarily set to 1 (dashed line). Results represent mean ± SEM of at least 3 independent experiments. In the 2.3-GFP-positive population, the FGF2-treated cultures displayed increases in the levels of Dmp1 and Dspp at day 7 followed by decreases in the levels of their expression at days 10-14 compared to controls, and in the 2.3-GFPnegative population, they showed increases in the levels of Dmp1 at day 7 compared to controls. At later time points, these cultures displayed decreases in the expression of Dmp1 and Dspp compared to controls. n.d. = Not detected. * p ≤ 0.05, relative to VH at each time point. BMSC cultures from DMP1-GFP animals showed a few DMP1-GFP-positive cells at day 7 followed by complete inhibition of the expression of this transgene at days 10 and 14 compared to controls ( fig. 6 b) . Expression of Dspp and DSPP-Cerulean transgene was not detected in control or FGF2-treated cultures at any time point ( fig. 6 c and data not shown).
Discussion
Members of the FGF family of growth factors including FGF2 play an essential role in various functions of dental pulp cells during reparative dentinogenesis, including the proliferation, migration, differentiation and self-renewal of dental pulp stem cells and progenitor cells [Nakao et al., 2004; He et al., 2008; Morito et al., 2009; Shimabukuro et al., 2009; Osathanon et al., 2011; Suzuki et al., 2011; Wu et al., 2012] . However, the effects of FGF2 on mineralization and dentinogenesis have remained controversial, as both inhibitory and stimulatory roles of FGF2 have been reported.
It has been shown that continuous exposure of primary dental pulp cultures and tooth organ cultures to FGF2 decrease the extent of mineralization and the expression of various markers of mineralization and dentinogenesis, including Dmp1 and Dspp [Tsuboi et al., 2003; He et al., 2008; Osathanon et al., 2011; Wu et al., 2012] . Inhibition of FGF2 signaling in tooth organ cultures by specific antisense oligonucleotides were found to increase Alp and Dspp expression [Tsuboi et al., 2003 ]. On the other hand, several studies have shown that FGF2 increases the expression of Dmp1 and Dspp in primary pulp cultures [Nakao et al., 2004; Kim et al., 2010] , immortalized human dental pulp cells [Kim et al., 2010] and E15 (cap stage) tooth organ cultures [Tsuboi et al., 2003] .
Our study showed that the effects of FGF2 on the differentiation of pulp cells were stage-specific and depended on the stage of maturity of cells. Our results provide strong support for FGF2 stimulating/promoting the differentiation of early progenitors into functional odontoblasts in the odontoblast lineage ( fig. 7 ) . The exposure of pulp cells to FGF2 during the proliferation phase of in vitro growth increased the levels of the expression of all markers of mineralization and dentinogenesis, including a marked increase in Dmp1 expression and the intensity of the DMP1-GFP transgene, shown to be activated in functional odontoblasts [Balic and Mina, 2011] . Furthermore, our studies on FACS-sorted populations show that FGF2 stimulated the expression of Dmp1 at day 7 in both undifferentiated progenitors (2.3-GFP-negative) and in cells at the early stages of differentiation (polarizing odontoblasts, 2.3-GFP-positive). FGF2 stimulated Dspp expression only in the 2.3-GFP-positive population.
Our results also show that, despite these early stimulatory effects, additional exposure of pulp cells to FGF2 reduced mineralization, expression of Dmp1 and Dspp , all transgenes and the number of DSPP-Cerulean-positive odontoblasts compared to controls ( fig. 7 ). These observations together with those on FACS-sorted populations suggest that in the odontoblast lineage, FGF2 inhibits the differentiation of functional odontoblasts into fully differentiated odontoblasts. The rapid and almost complete recovery of mineralization and the expression of markers of dentinogenesis and various GFP transgenes 7 days after withdrawal of FGF2 suggest that the inhibitory effects of FGF2 on mineralization and dentinogenesis are primarily related to its negative effects on the final stages of cell differentiation.
Taken together, these results show the stage-specific effects of FGF2 on the differentiation of odontoblast lineage cells and suggest a positive role of FGF2 in the formation of functional odontoblasts and a negative role in the further differentiation of these cells. Additional experiments are in progress to examine the underlying mechanisms mediating the stimulatory and inhibitory effects of FGF2 on pulp cells. These observations provide an insight into conflicting results for positive and nega- tive effects of FGF2 on mineralization and dentinogenesis.
It is well documented that FGF signaling produces diverse biological responses in various cell types. The mechanisms of specific cellular responses to FGF signaling are dependent on many factors, including cell type, the expression of specific ligands and receptors, the signal transduction pathways utilized and the transcriptional regulation of tissue-specific genes [Dailey et al., 2005] . Moreover, studies on bone show that the response to FGF signaling in a specific cell type is also stage-specific. FGF signaling stimulates the proliferation of immature osteoblasts but inhibits mineralization and increased apoptosis in more differentiated cells [Mansukhani et al., 2000; Fakhry et al., 2005; Eda et al., 2008; James et al., 2008; Xiao et al., 2013] . 
The Exposure of Primary BMSC Cultures to FGF2 Reveals Differences between the Effect of FGF2 on Osteoprogenitors and Odontoprogenitors
The formation of both bone-and dentin-like tissues in primary pulp cultures [Balic et al., 2010a] raises the possibility that some of the effects of FGF2 on dental pulp cultures may be related to its effects on cells of the osteoblast lineage. However, the differences between the early and later effects of FGF2 on BMSC and pulp cultures in our study suggest that in pulp cultures, it primarily affects cells of the odontoblast lineage.
Our results showed that continuous exposure of BMSCs to FGF2 completely inhibited mineralization and decreased the expression of markers of the early and late stages of osteoblast differentiation. This is consistent with previously reported studies [Kalajzic et al., 2003; Marie, 2012; Marie et al., 2012; Yamachika et al., 2012] . The transient increase in Dmp1 in FGF2-treated cultures is also consistent with other studies that showed that exposure to FGF2 during the proliferation phase of in vitro growth resulted in rapid and marked increases in the expression of Dmp1 and other osteocyte-associated markers ( E11 , Cx43 and Phex ) in osteoblast-and osteocyte-like cells (ROS17/2.8 and MC-4, MLO-Y4) and BMSC [Kyono et al., 2012; Nakayama et al., 2012] . Although the underlying mechanisms of the stimulatory effects of FGF2 on Dmp1 are not fully understood, the available evidence suggests the involvement of FGFR/MEK/Erk1/2 in this regulation [Kyono et al., 2012] .
Furthermore, consistent with previous results [Kalajzic et al., 2003 ], our study showed that FGF2 completely inhibited the expression of the 3.6-GFP and 2.3-GFP transgenes in BMSC cultures, indicating that the inhibi- Summary of changes in pulp cultures grown in the presence and absence of FGF2. During the proliferative phase of in vitro growth (i.e. the first 7 days), pulp cultures undergo proliferation and contain early progenitors. Following the addition of the mineralization-inducing medium at day 7, these cells undergo differentiation and give rise to an extensive amount of mineralized matrix (the differentiation/mineralization phase of in vitro growth). The first sign of mineralization is around day 10 with significant increases in the extent of mineralization thereafter. In these cultures, Dmp1 and Dspp are expressed at low levels at day 7 and 10, respectively. DMP1-GFP-positive and DSPP-Cerulean-positive cells are detected at day 7 and 10, respectively, with increases thereafter. The continuous exposure of pulp cultures to FGF2 resulted in decreases in the extent of mineralization. FGF2-treated cultures displayed increases in the levels of Dmp1 , and the percentage of DMP1-GFP-positive cells at day 7 was followed by decreases between days 10 and 21 compared to controls. However, despite these decreases, the intensity of the DMP1-GFP transgene and the expression of Dmp1 in the FGF2-treated cultures between days 7 and 21 remained relatively unchanged. The FGF2-treated cultures also displayed increases in the level of Dspp at day 7, followed by a decrease in the levels of Dspp and the percentage of DSPP-Cerulean-positive cells between days 10 and 21 compared to the controls.
Stage-Specific Effects of FGF2 on Pulp Cells
Cells Tissues Organs 2014;199:311-328 DOI: 10.1159/000371343 327 tion of osteogenesis by FGF2 was mediated by blocking the onset of preosteoblast differentiation. Our results showed that in the pulp cultures, FGF2 induced transient increases in the expression of all markers of mineralization and dentinogenesis at day 7 and reduced (but did not eliminate) the expression of the 3.6-GFP and 2.3-GFP transgenes between days 10 and 21.
In addition, the rapid and almost complete recovery of mineralization in the pulp cultures after the withdrawal of FGF2 in our study is different from that in the BMSC cultures. Upon withdrawal of FGF2 from BMSC cultures, full osteoblast differentiation and mineralization did not appear in vitro and was detected only after the subcutaneous implantation of FGF2-treated cells in SCID/Beige mice in vivo [Kalajzic et al., 2003 ].
These observations suggest significant differences in the response of odontoprogenitors and osteoprogenitors to FGF2 and/or differences in osteoprogenitors residing in the dental pulp as opposed to the bone marrow. Examining the differences in the activation of 2.3-GFP and DMP1-GFP in the cells of the osteogenic versus the dentinogenic lineage will facilitate a better understanding of such differences. Previous studies have showed that 2.3-GFP and DMP1-GFP are activated in mature and late osteoblasts and osteocytes, respectively, i.e. in cell populations at relatively advanced stages of osteoblast differentiation [Kalajzic et al., 2002 [Kalajzic et al., , 2004 . Our studies indicate that 2.3-GFP and DMP1-GFP are activated in polarizing and functional odontoblasts, respectively. These are cell populations at early and intermediate stages of odontoblast differentiation [Balic et al., 2010b; Balic and Mina, 2011] .
